Surface-confined self-assembly of star-shaped functional molecules has been recently recognized as a promising method to fabricate extended superstructures with predefined architectures and physico-chemical functions. In this work we use the Monte Carlo (MC) method to explore 2D self-assembly of rigid tripod-shaped tectons equipped with patchy interaction centers located at the ends of molecular arms. These angular interaction zones represent terminal functional groups, which due to some flexibility/extended size, can provide intermolecular bonds which does not have to be collinear with the arms. Our main focus is on the effect of angular diameter of the interaction centers on the morphology of the simulated assemblies. Moreover, we explore the influence of molecular backbone symmetry on the periodicity and connectivity of the resulting adsorbed superstructures. The obtained results are compared with their selected counterparts from lattice MC simulations. It is demonstrated that a suitable choice of the size of the interaction centers and backbone aspect ratio allows for directing the self-assembly towards 2D networks comprising pores of different size and shape. The results from our theoretical modeling can be helpful in designing new functional organic building blocks able to form supramolecular networks with desired structural properties.
Introduction
Recent progress in methods of creation and imaging of adsorbed systems has enabled directing the self-assembly of molecular building blocks into low-dimensional superstructures with tunable geometric and physico-chemical properties. A central question related to the controlled fabrication of ordered molecular assemblies on solid surfaces is how individual features of a building block, including its size, shape and interaction pattern, affect the resulting superstructure. To answer this question, test experiments are usually required in which different probe molecular units are synthesized, and their self-assembly is monitored with such imaging techniques as the scanning tunneling microscopy (STM) (De Feyter and De Schryver 2005) . To date, numerous examples of ordered adsorbed structures ranging from simple densely packed motifs (Trawny et al. 2015) , nanoporous networks (Kudernac et al. 2009; Tahara et al. 2011; Bischoff et al. 2016) to openwork fractal aggregates (Shang et al. 2015; Zhang et al. 2015) have been realized using functional organic building blocks. In these instances, often linear (Kühne et al. 2009a, b) , bent-rod (Fan et al. 2014 (Fan et al. , 2016 Shang et al. 2015; Zhang et al. 2015) and star shaped (Kudernac et al. 2009; Dienstmaier et al. 2010; Shi et al. 2011; Tahara et al. 2011; Ciesielski et al. 2013; Bischoff et al. 2016 ) polyphenyl molecules with suitably attached functional groups, including nitrile (Kühne et al. 2009a, b; Shang et al. 2015) , pyridyl (Shi et al. 2011; Ciesielski et al. 2013) , carboxylic (Dienstmaier et al. 2010) , aldehyde and others (Shang et al. 2015) have been used. The aforementioned superstructures have been often sustained by intermolecular hydrogen bonds (Kudernac et al. 2009; Kühne et al. 2009a, b; Dienstmaier et al. 2010; Ciesielski et al. 2013 ) but they can be also stabilized by metal-ligand coordination occurring in mixed metal-organic 1 3 systems (Shi et al. 2011; Fan et al. 2014 Fan et al. , 2016 , halogen bonds (Shang et al. 2015) or even by van der Waals interactions between the star-shaped molecules equipped with alkyl chain arms (Tahara et al. 2006 ). An important observation from the structure formation in adsorbed overlayers comprising functional organic molecules is that chemically different building blocks are often able to create isostructural 2D patterns. This refers especially to the nanoporous networks, for example to those with hexagonal void spaces, which can be formed by such different tripod-shaped molecules like tricarboxylic acids (Dienstmaier et al. 2010) , tectons equipped with propyloxy (Bertrand et al. 2011 ) and amine groups (Liu et al. 2013) . In this case, similar molecular shape and intramolecular distribution of interaction centers within the building block are the deciding factors which direct the self-assembly towards superstructures of the same type. This finding allows for the identification and classification of the main qualitative features which are necessary for a molecule to form adsorbed assemblies with predefined morphology. Such information can largely facilitate synthesis of the corresponding molecular tectons and for that reason, formulation of general structure-property relations has been important from the practical point of view. Obtaining relation of this kind, apart from experimental tests (Kaposi et al. 2016) , can be also based on theoretical methods in which intrinsic molecular parameters can be easily adjusted and diverse molecular pattern can be systematically designed.
A particularly effective theoretical approach to study the general structure-property relation in the 2D self-assembled systems are the coarse-grained simulation methods in which molecular tectons are mapped in a simplified way, for example as collections of interconnected discrete units (segments). In this case, a model building block can represent a wide class of chemically different molecular tectons which are similar in size/shape and location of interaction centers. The coarsegrained picture mentioned above has been frequently used in the Monte Carlo (MC) simulations of adsorbed systems on solid substrates. This refers to simple rod-like molecules (Matoz-Fernandez et al. 2008; Centres and Ramirez-Pastor 2009; Nieckarz and Szabelski 2013) as well as to molecules with more complex structures, including cross-shaped units resembling porphyrins and phthalocyanines (Li and Lin 2011; Akimenko et al. 2015; Kasperski et al. 2015; Bischoff et al. 2016; Gorbunov et al. 2017) , tripod-shaped tectons corresponding to tricarboxylic acid derivatives (Ibenskas and Tornau 2012; Misiunas and Tornau 2012; Šimenas et al. 2015) , dehydrobenzoannulenes (DBAs) (Szabelski et al. 2010; Adisoejoso et al. 2012 ) and molecules bearing pyridyl (Ciesielski et al. 2013 ) and nitrile (Copie et al. 2015) groups. The results from these theoretical studies demonstrate that the MC calculations, performed even for the simplified molecular representations, are able to reproduce correctly formation and coexistence of various adsorbed phases observed experimentally, especially the planar nanoporous networks observed either in ultra high vacuum or at the liquid/solid interface. Moreover, with the help of the coarse-grained MC simulations it was possible to predict new supramolacular structures, for example, such exotic as the fractal metal-organic aggregates (Nieckarz and Szabelski 2014) whose existence was latter exactly confirmed experimentally (Sun et al. 2015; Li et al. 2015) .
As it has been often observed in the experiment, the interactions cementing 2D molecular superstructures are usually short-ranged and highly directional (e.g. hydrogen bonding, metal-ligand coordination) (Kudernac et al. 2009; Kühne et al. 2009a, b; Dienstmaier et al. 2010; Shi et al. 2011; Ciesielski et al. 2013; Fan et al. 2014 Fan et al. , 2016 . This property facilitates modeling of these superstructures, as for the contributing molecules a set of discrete interaction directions can be usually assigned in order to map the interaction pattern with reasonable accuracy. Moreover, for those building blocks whose symmetry matches symmetry of the adsorbing surface, for example tripod-shaped molecules on graphite or metallic (111) substrates, the discrete interaction directions can be assigned according to the symmetry imposed by the (triangular) lattice representing the real surface. This situation refers to these adsorbed assemblies for which the corrugation of the surface-molecule potential results in a limited number of on-surface configurations of a single molecule and thus in the limited number of bimolecular connections differing in relative orientation/distance of the molecular partners. In consequence, often a constant number of intermolecular bonds (usually one or two) with fixed directionality that a single interaction center can provide is assumed in theoretical modeling (Ibenskas and Tornau 2012; Misiunas and Tornau 2012; Ciesielski et al. 2013; Nieckarz and Szabelski 2014; Šimenas et al. 2015; Szabelski et al. 2016 Szabelski et al. , 2017 . When, however, the molecular interaction centers (functional groups) are chemically more complex, for example being extended or flexible, the (maximum) number and directionality of intermolecular bonds can change when the molecules are allowed to adopt diverse adsorbed configurations. Specifically, this can occur for those molecules (e.g. tripods) whose continuous in-plane rotation on the adsorbing surface is not strongly limited due to relatively low energy barrier for this type of movement. In consequence, the resulting superstructure can be affected by the size of the interaction centers which can provide effective interaction for a pair of molecules whose relative orientation differs by an angle that is not constant but lies in some interval.
To explore the effect of increased configurational freedom of adsorbed functional building blocks on their surfaceconfined self-assembly in this work we use as an example model tripod molecules equipped with patchy interaction centers with adjustable angular diameter. To simulate these assemblies the off-lattice MC simulation is used in which the adsorbed molecules are allowed to change their positions 1 3 and orientations in a continuous way. The main objective of our study is to asses the effect of lack of corrugation of the molecule-surface potential on the structure formation in the modeled systems. In particular, we focus on the influence of the angular width of the interaction centers on the periodicity and connectivity of the resulting 2D patterns. Moreover, the simulations embrace tripod units differing in symmetry of the backbone, that is C 3 -symmetric molecules and tectons in which molecular arms have unequal lengths or in which neighboring arms meet at angle that is different from 120 degrees. The calculated off-lattice results are compared with their selected counterparts from the lattice MC simulations. The main purpose in this case is to examine whether the off-lattice modeling is able to produce 2D structures having morphologies which are similar to those obtained with the simplified lattice approach. In this context, comparison of the two model representations allows us for the definition of the role of molecule-surface interactions and intermolecular interactions in the 2D pattern formation. Information of this type can be useful in designing molecular systems on solid surfaces, where the substrate and individual properties of the molecular tripod building block can be selected/tuned according to the hints provided in this study.
The model and simulations
To explore the self-assembly of functional tripods in adsorbed overlayers we used an off-lattice model in which the probe molecules were confined on a plane. These building blocks were modeled as rigid planar structures shown in Fig. 1 . Specifically, each molecule was built of the core segment with three attached arms having lengths a, b and c. Accordingly, the arms consisted of a, b and c segments and the angles between the arms, ∠(b, c) and ∠(a, b) , were equal to Ψ 1 and Ψ 2 , respectively. All segments, including the core and arm components, had the same diameter, . The terminal arm segments, called further active segments, were equipped with identical patches providing attractive intermolecular interactions. Each associating patch was delimited by a circular sector with angular diameter equal to θ. Intermolecular interactions were allowed only between a pair of active segments.
In the remaining case the interaction was equal to zero and the simple excluded area criterion was used, so that the molecules could not overlap. The interaction between active segments was described by the pair interaction potential, u as having the following form:
where the square-well potential term equals
and the orientation-dependent part was defined as
In the above equations the parameters Δ and ε are the interaction range and energy, respectively. The meaning of the vectors r ij , n i and n j is explained in Fig. 2 which shows a pair of interacting active segments. According to the assumed conditions (Eq. (3)) the interaction illustrated in Fig. 2 . is possible only if the vector connecting the segment centers intersects both circular sectors (active zones). If so, when the condition (2) is additionally satisfied, the molecules interact via the square-well potential that is with energy equal to ε. The simulations were carried out using the conventional MC method in canonical ensemble in which the side of the square simulation box L, temperature T and number of molecules N were fixed. In all of the calculations L was set to 96σ, where = 1 was chosen to be the distance unit in our model. To minimize edge effects standard periodic boundary conditions in both planar directions were used. Each MC simulation step (MCS) consisted of an attempt to change position and an orientation of randomly chosen molecule. In this procedure displacements ranging from 0.05σ, 0.10σ, and 0.15σ (non-local moves) were used and random in-plane rotation of a molecule was performed. To make the configuration sampling more effective the conventional Metropolis algorithm was combined with the orientational bias sampling technique (Frenkel and Smit 2001) . Moreover, in each MCS an attempt was made to rotate in-plane a randomly selected molecule without translating it (local moves). To equilibrate the modeled systems 10 6 MCS were initially used and subsequent 10 4 MCS served for averaging and calculation of the associated structural characteristics. The energies and temperatures in our models are expressed in units of and | |∕krespectively, where k is the Boltzmann constant. All of the simulations were carried out for Δ = 0.1 and = 4 with = −1 . The surface coverage, f was defined as
Taking into account that = 1 the surface coverage can be interpreted as the average number of molecular segments per unit area or per adsorption site in the lattice model described in the following.
The structure formation in adsorbed overlayers simulated with the off-lattice model was analyzed by means of the core-core radial distribution functions (ccrdf) which provide information about the range of ordering in the modeled systems, including local structure (closest coordination) in the vicinity of a single molecule. The ccrdf used here is a measure of the average probability of finding a molecular core at a certain distance away from a given reference molecular core. An additional parameter which we calculated to trace structural changes in the simulated systems was the mean coordination number of a molecule. This quantity was defined as the average number of foreign active segments adsorbed within the interaction zones (θ, Δ) of the active segments of a selected molecule.
The simulations were performed for a few representative tripod building blocks differing in size and aspect ratio. Parameters of these diverse test cases are collected in Table 1 . The first group of molecules, A was characterized by equal angles between the consecutive arms, that is Ψ 1 = Ψ 2 = 120
• . The second group, called B embraced those molecules for which Ψ 1 = 60
• and Ψ 2 = 150
For selected molecules of A-type we also performed the corresponding lattice MC simulations in which triangular lattice with side equal to 100 represented the adsorbing (111) crystalline surface. In the simulations of this type, each molecular segment of A was allowed to occupy one vertex (adsorption site) of the lattice. This condition imposes lattice spacing equal to the distance between a pair of adjacent segments in the molecule of A, equal to . The segments of two adsorbed molecules were not allowed to occupy neighboring lattice sites. The directional interaction between a pair of molecules A was possible only when their active segments occupied next nearest neighbors on the lattice and moreover, the angle between the contributing molecular arms was equal to 120
• . In such a case, the interaction energy was equal to . The simulations were preformed using the conventional MC simulation scheme in the canonical ensemble, based on the Metropolis sampling (Szabelski et al. 2016) . Periodic boundary conditions were imposed in both planar directions. The adsorbed overlayer was equilibrated in a series of attempts of changing positions and orientations of N adsorbed molecules. Each of these attempts constituted one MC step and 5 × 10 6 × N MC steps were performed to finalize the simulation. To minimize the risk of trapping the modeled systems in metastable states the cooling procedure was used, in which the temperature, T was gradually decreased from 0.5 to the target value 0.01 using 500 decrements of equal length.
Results and discussion
To asses the influence of the differently encoded interaction centers we tested a few representative cases in which the angular diameter of the associating patches, θ was changed. Moreover, we took into account the effect of molecular geometry, that is we studied the self-assembly of molecular tripods having arms of unequal lengths and meeting at angles different from 120 degrees (see Table 1 ). Let us start the discussion with the simplest tectons of A-type having arms of the same length. Figure 3 presents snapshots of the adsorbed overlayers simulated for the smallest molecule A 111 , for different values of the parameter θ, that is 10°, 30° and 60°. From Fig. 3 it follows that for the molecule A 111 with angularly narrow interaction patches ( = 10
• ) the selfassembly results in the ordered porous network with regular hexagonal void spaces. The obtained periodic assembly is structurally identical with the network simulated previously using the lattice model MC (Szabelski et al. 2016) . In that approach the molecules were adsorbed on a triangular lattice and, contrary to the present case, they could adopt only a few-in plane orientations imposed by the symmetry of the lattice. Moreover, in our previous modeling the interaction between a pair of tripod molecules was possible when their arms were collinear. This condition, as demonstrated in Fig. 3 , is equivalent to the presence of terminal interaction patches which are sufficiently narrow to enforce the molecular arms to align parallel and form two-fold nodes. Such type of on-surface ordering was observed experimentally for numerous tripod molecules equipped with terminal carboxylic groups interacting via highly directional hydrogen bonds (Dienstmaier et al. 2010 ).
An interesting change in the morphology of the adsorbed overlayer can be observed when the angular diameter, θ is increased. This can be seen in the central snapshot from Fig. 3 ( = 30 • ) in which frequently occurring structural motifs are the deformed pentagonal and heptagonal pores shown in the inset below. The increased value of θ enables the molecular arms of A 111 to meet at angles which are slightly different from 180
• -characterizing the regular hexagonal pores (see the inset, = 10
• ). In consequence, the obtained network is aperiodic and it is a mixture of connected pores whose rims are built of five, six and seven molecules. This pore distribution changes markedly when the angular diameter is further increased, up to 60
• (right panel). Specifically, in the corresponding adsorbed system a new pore type, formed by four molecules, can be identified (see the inset). The additional four-membered pores increase considerably structural heterogeneity of the obtained network. Here, (often deformed) pores of four types create the disordered network which lacks long-range order. The structures simulated for = 30
• and = 60
• are very similar to the experimental results on surface-confined polymerization of halogenated polyaromatic molecules. For example, the structural motifs which have been observed for 1,3,5-tris(4-bromophenyl)benzene (TBB) on Cu(111) (Gutzler et al. 2009 ) are identical with those predicted in this study (Fig. 3c) . A common feature of the molecular networks shown in Fig. 3 is that the contributing molecules always form two-fold nodes, that is intermolecular interactions always involve a pair of molecular arms. Nodes in which three or more arms meet are absent or very rare. In consequence, a single molecule has usually three neighboring partners in its direct vicinity, regardless of θ. This can be clearly seen in the ccrdf plotted in the bottom part of Fig. 3 . For all of these systems the largest peak occurs at the distance equal to about three. This value characterizes the core-core distance between a pair of molecules whose contacting arms are in (nearly) collinear alignment. Further analysis of the core-core rdfs shows the decreasing range of ordering that is induced by the increase in θ. For the highly ordered network simulated for = 10
• the corresponding rdf comprises several narrow peaks which appear even at the distances exceeding 20. These peaks are the contributions from the increasing regular shells of molecules surrounding a selected molecule. In the case of the systems with = 30
• the calculated rdfs are much less peaked and reach a constant value yet at ~ 15. This property confirms the lack of long-range order which can be seen in the central and right snapshots from Fig. 3 . Figure 4 presents the effect of temperature on the mean coordination number of a molecule of A 111 equipped with the associating patches having different angular diameter (692 molecules, f = 0.3 ). As it follows from the figure, the coordination number of A 111 increases with decreasing temperature and at T = 0.4 it reaches about 2.48 ( = 10
• ), 2.63 ( = 30 • ) and 2.79 ( = 60
• ) . At this temperature most of the molecules form three connections with their neighbors, as seen in Fig. 3a -c, so that the above values are close but not equal to three. The incomplete coordination of A 111 originates mainly from the finite-size domains which comprise numerous peripheral molecules. From Fig. 4 it can be also seen that the coordination number at T = 0.4 increases slightly when the associating patches become angularly wider. This effect results from the increased ability of the molecules with larger θ to create three-fold nodes, a few of which can be identified in Fig. 3c . An interesting observation from Fig. 4 is that the network heterogeneity that is induced by the increasing angular diameter (see the snapshots from Fig. 3 ) is a factor which reduces substantially sharpness of the structural transition occurring in the modeled systems. This can be clearly seen when comparing the curves from Fig. 4 , of which only the one calculated for = 10
• exhibits a steep increase (at T = 0.6 ). In the two remaining cases ( = 30
• and = 60 • ), the formation of the networks proceeds much less rapidly when the adsorbed overlayer is cooled down. Here, due to the less restricted angular requirement for the bond formation, the molecules are able to create porous structures yet at higher temperatures and these structures are more "flexible" in terms of incorporating new molecular bricks.
Further increase in the angular diameter, θ results in the emergence of new adsorbed structures formed by A 111 . This can be seen in Fig. 5 which shows the snapshots simulated for θ equal to 75
• , 120
• and 150
• . For the first value we can observe the creation of ordered porous networks (panel a) with hexagonal void spaces. An important feature which makes this superstructure different from that one obtained for = 10
• (c.f. Fig. 3a) is the connectivity and pore architecture. Specifically, the network simulated for = 75
• is sustained by the three-fold nodes which are built by three composite molecules. Accordingly, the pore rims are formed by three molecules of A 111 (see the inset) and the network is characterized by a rhombic unit cell with side equal to about 2.77. The regular geometry of the aforementioned pores becomes disturbed when the angular diameter increases further and this effect is shown in Fig. 5b for = 120 • . The network presented in this panel comprises three-membered pore-type structural units, one of which is shown in the inset as an example. The disturbed geometry of these pores originates from the slightly shifted positions of the molecular cores which do not occupy vertices of a equilateral triangle. Moreover, the three molecules forming such an irregular pore can have different in-plane orientations, so that their corresponding arms are not collinear, as it was often observed for = 75
• . A noticeable change in the structure of the adsorbed overlayer occurs for = 150
• (Fig. 5c) . In this case, the porosity of the molecular assembly is completely lost and, instead, irregular compact clusters are formed. To quantity the effect of the angular diameter on the self-assembly of A 111 we calculated the corresponding mean coordination numbers. These dependencies, determined for the two temperatures, T = 0.80 and 1.10, are shown in Fig. 5d . As we can observe there, for the lower temperature, the mean coordination number increases rapidly when exceeds 60
• and it stays at about five until = 120
• . The molecules of A 111 self-assembly then into finite-sized domains of the ordered network-type phases shown in panels (a and b). In these networks (infinite and defect free) a molecule of A 111 is coordinated by six partners. The lowered coordination number, equal to about five, results from the formation of the dispersed domains which comprise numerous peripheral (partially coordinated) molecules. At the higher temperature, T = 1.10 , the formation of the networks is largely suppressed, so that the coordination number calculated for 75
• ≤ ≤ 120
• is considerably smaller, as compared to T = 0.80 . Further increase in the angular diameter triggers the formation of the disordered compact clusters (panel c) which are characterized by the average coordination number which approaches six at = 180
To explore the possibility of directing the self-assembly of the molecules with reduced symmetry (A 112 and A 122 ) into the networks stabilized by the newly observed three-fold nodes (c.f. Fig. 5a, b) we performed additional simulations, results of which are shown in Fig. 6 . The calculations we run for = 75
• demonstrated the formation of porous phases comprising hexagonal void spaces with different aspect ratios. The networks presented in panels (a and b) were characterized by the exemplary parallelogram 3.63 × 2.76 and 4.54 × 3.58 unit cells (red lines), respectively which corresponds to the density equal to 0.53 and 0.45. For comparison, in panel (d) we showed also the network formed by the C 3 -symmetrical molecule of A 222 which is the isotropically enlarged version of the unit A 111 . For this larger building block, like for A 111 , the unit cell had a rhombic shape but with longer side equal to about 4.46. The corresponding network density was equal to 0.40. The long-range order observed in the porous phases from Fig. 6 . vanishes when the angular diameter is increased. This effect produces disordered clusters which, however, are more frequently interconnected, as compared to the isolated domains formed by A 111 (see Fig. 5c ).
In the next example we present the results calculated for the molecules of type B having unequal arm-arm angles, that is a Ψ 1 = 60
• . Figure 7 presents snapshots of the adsorbed overlayer comprising 691 (B 111 ), 553 (B 112 ), 461 (B 122 ) and 395 (B 222 ) molecules bearing the associating patches with equal to 75
• . These two values, used previously for the units of type A, were selected to compare the architecture of the networks formed by B (especially the connectivity) with that of the structures from Figs. 3 and 4. As it can be seen in Fig. 7 , the altered molecular geometry is responsible for the formation of porous networks characterized by the symmetry which is entirely different from the symmetry of the corresponding networks created by A. Specifically, at T = 0.8 we can observe the self-assembly of square grids stabilized by the cross-shaped four-fold super-nodes comprising four molecules. Two of these molecules provide two arms separated by the smaller angle ( Ψ 1 = 60
• ), each. The two remaining molecules of the super-node use their arms separated by the bigger angle Ψ 2 = 150
• . As a result, the four-fold super-node is cemented by two three-fold connections, each of which engages three terminal molecular segments. This structural property is clearly seen for the molecules B 122 and B 222 equipped with longer arms (two segments) separated by Ψ 1 = 60
• (see the insets). For these building blocks the aforementioned arms are long enough to form diamond-shaped void spaces located at vertices of the pores. The modified angular position of the arms in B makes these molecules behave like ditopic rods bearing sufficiently wide (θ) terminal interaction centers. This comparison is the most adequate for the elongated molecule B 112 (see Fig. 7c ) which creates networks with distinct square pores. The ordered porous networks of B formed at = 75
• were no longer observed when the angular diameter was increased up to 150
• . For this angular diameter, more (B 111 ) or less (B 112 ) compact disordered aggregates were formed, highlighting the similar effect of θ on the structure formation, as compared to the unit A (c.f. Fig. 6 ).
The porous networks of A sustained by the three-fold nodes (Fig. 6 ) exhibit high symmetry and they resemble molecular superstructures which have been formed on structured substrates playing the role of a guide for the self-assembly (Shang et al. 2015; Ciesielski et al. 2013 ). This refers especially to the (111) metallic surfaces and graphite-substrates often imposing a few in-plane orientations of adsorbed molecules and occupation of discrete positions on the surface. As we demonstrated previously, such adsorbed systems can be successfully modeled using the coarse-grained MC lattice models (Ciesielski et al. 2013; Nieckarz and Szabelski 2013; Szabelski et al. 2016) . We use this approach here to examine whether the networks created by A with = 75
• can be also obtained using the less computationally costly lattice MC method for the triangular grid of adsorption sites. To that purpose we performed the lattice simulations for the adsorbed overlayers ( L = 100 ) comprising 625, 500, 416 and 357 molecules of A 111 , A 112 , A 122 and A 222, respectively, maintaining constant surface coverage f = 0.25 . This common value of f was carefully chosen to ensure unrestricted growth of the networks formed by the largest unit A 222 . Figure 8 presents snapshots simulated for these four tectons at T = 0.01.
As it can be seen in Fig. 8 , the simulated networks are isostructural with their counterparts obtained by means of the off-lattice MC simulations. For all of the considered molecular geometries, the corresponding network architectures agree with those shown in Fig. 6a-c . This refers to the internal structure of the three-fold nodes (see the inset in panel a) and to the periodicity of the obtained porous superstructures. One effect which can be seen in Fig. 8 is that the underlying lattice facilitates largely the self-assembly of extended domains formed by A. The limited number of in-plane orientations of an adsorbed molecule (two for A 111 and A 222 and six for A 112 and A 122 ) results in the fast growth of the networks. This process involves mostly incorporation of new molecules of A at the periphery of a growing domain. For the lowered configurational freedom of A imposed in the lattice model, the aforementioned incorporation occurs much easier and it is additionally guided by the underlying lattice. As a consequence, contrary to the off-lattice results, the domains formed by A can have only a few discrete orientations with respect to the substrate (differing by a multiple of 60 degrees). This can be seen in Fig. 8 . The networks simulated using the lattice model are characterized by the unit cells with the following parameters: A 111 and A 222 -rhombic with side equal to 2 √ 3 and 3 √ 3 , respectively; A 112 -parallelogram (
• ). The associated network densities are equal to: 0.385, 0.361, 0.330 and 0.300 and they are lower than the corresponding values obtained with the off-lattice model. The difference between the results obtained using the two types of models (lattice and off-lattice) originate from the differently limited minimal distances separating a pair of molecular segments. For the continuous model this distance is equal to = 1 while in the lattice model the closest configuration of two molecules is that their segments occupy next nearest neighbor positions on the triangular lattice, separated by √ 3 (see the inset in Fig. 8a ). The increased value of the minimal intersegment distance assumed in the lattice model (by factor of about 1.73) results in the larger unit cells and thus lower densities of the simulated networks, as compared to the offlattice model. Nonetheless, the architectures of the porous phases obtained using the two methods are identical. This result highlights usefulness of the lattice MC modeling in predicting new molecular patterns sustained by short-range interactions. In particular, our calculations demonstrate that in certain cases 2D molecular porous superstructures can be reproduced accurately using the less computationally costly lattice MC simulations.
Conclusions
The results of our theoretical investigations demonstrated that the surface-assisted self-assembly of tripod-shaped functional building blocks can be largely affected by the intrinsic properties of the peripheral molecular interaction centers. The MC simulations performed for the selected systems showed that the angular diameter of the associating patches, θ plays a decisive role in the structure formation and it is responsible for the emergence of network-type ordered phases. For example, extended networks with regular hexagonal void spaces were obtained for the molecule A 111 when it was equipped with angularly narrow patches ( = 10 • ). The results calculated for this tecton proved that the narrow interaction patches enhance the self-assembly of porous networks which are isostructural with their counterparts observed in the corresponding lattice MC simulations (Szabelski et al. 2016) . New types of porous networks were obtained for the increased value of the angular diameter ( = 75
• ). In this case, for the molecules of A-type, the self-assembly resulted in the porous networks sustained by the three-fold nodes. Our separate calculations showed that porous networks with identical type of connectivity (three-fold nodes) and periodicity can be obtained with the less computationally demanding lattice MC simulation method (Fig. 8) . On the other hand, the off-lattice simulations carried out for the molecules of B-type having lowered symmetry predicted the formation of new type of network with square-grid architecture and rounded square pores. As we observed, further increasing of the angular diameter ( = 150
• ) resulted in the disordered assemblies, regardless of the tecton type.
The MC results discussed in this study can be helpful in designing new molecular systems on solid surfaces comprising tripod-shaped functional organic molecules. This refers to the adsorbed overlayers sustained by intermolecular interactions such as, for example, hydrogen and halogen bonding. Our theoretical predictions enable linking the individual properties of the tritopic building blocks with the morphology of the corresponding superstructures formed under 2D confinement. This information can facilitate tuning of molecular properties (size, aspect ratio, functional groups) aiming at the self-assembly of adsorbed networks with predefined structural properties and physico-chemical functions. 
